The contribution of γ-glutamyl transpeptidase (GGT) to Campylobacter jejuni virulence 2 P o s t -P r i n t 2 and colonization of the avian gut has been investigated. The presence of the ggt gene in 3 C. jejuni strains directly correlated with the expression of GGT activity as measured by 4 cleavage and transfer of the γ-glutamyl moiety. Inactivation of the monocistronic ggt 5 gene in C. jejuni strain 81116 resulted in isogenic mutants with undetectable GGT 6 activity, nevertheless these mutants grew normally in vitro. However, the mutants had 7 increased motility, a 5.4-fold higher invasion efficiency into INT407 cells in vitro and 8 increased resistance to hydrogen peroxide stress. Moreover, the apoptosis-inducing 9 activity of the ggt mutant was significantly lower than that of the parental strain. In vivo 10 studies showed that, although GGT activity was not required for initial colonization of 11 one-day-old chicks, the enzyme was required for persistant colonization of the avian gut 12 13
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Introduction 15
Campylobacter jejuni is found in the intestinal tracts of a large number of food-producing 16
animals, but appears to be adapted to the avian gut [1, 2, 3] . Colonization with C. jejuni in 17 poultry is asymptomatic. However, infection with this organism in humans is a common 18 cause of acute bacterial enteritis particularly in industrialized countries [4, 5] . It is 19 commonly assumed that the handling of contaminated poultry carcasses, and the 20 consumption of undercooked poultry meat, are major sources of campylobacteriosis. 21
22
Quantitative risk assessment has demonstrated that the control and prevention of human 23 campylobacteriosis will be best achieved by intervention to reduce or eradicate 24 colonization at the poultry flock level [6] . Although improved biosecurity may contribute 25 to this, it seems likely that complementary methods, such as vaccination or 26 decontamination, may also be required [2, 7] . Such targeted intervention strategies 27 require fundamental understanding of those bacterial factors associated with the 28 campylobacter properties enabling colonization and survival. To date approaches to the 29 identification of such factors have largely been pragmatic with genes selected for 30 characterization on the basis of previously published observations in other enteric 31 bacteria. However, with the availability of the genome sequence of the C. jejuni reference 32 strain NCTC11168 [8] , post-genomic approaches are now being adopted [9, 10, 11]. In 33 one such approach genomic subtractive hybridization between two strains, 81116 and 34 NCTC11168 was undertaken to identify genes present in 81116 but absent in 35 NCTC11168 [11] , which is poorly able to colonise chickens. More recent studies have 36
shown that the ability of the NCTC11168 isolate to colonize birds is highly dependent on 37 P o s t -P r i n t the variant used [9, 10] . Thus colonization is not only due to the presence or absence of 38 genes but also whether those genes are transcribed. Nevertheless, given the difference in 39 colonization potential between strains 81116 and NCTC11168, it has been speculated 40 that such novel genes could contribute to aspects of colonization in chicks [12, 13, 14, 15, 41 16]. One such novel genes was a 369 bp DNA fragment (insert 236), unique to strain 42 81116, and which was identified and predicted to be part of a C. jejuni γ-glutamyl 43 transpeptidase (ggt) gene [11] . 44
45
The enzyme γ-glutamyl transpeptidase (GGT) is present in both prokaryotes and 46 eukaryotes. Most of our knowledge is based on studies in mammalian tissues where GGT 47 is a membrane-bound enzyme that plays a major role in glutathione (L-γ-glutamyl-L-48 cysteineglycine) degradation in the γ-glutamyl cycle [17] . GGT cleaves and transfers the 49 γ-glutamyl moiety from glutathione to amino acids or peptides. Glutathione is an 50 antioxidant molecule, which plays an important part in providing vital cellular protection 51 against the reactive oxygen species (ROS), such as hydrogen peroxide, generated by 52 aerobic respiration [18] . Thus in eukaryotes, GGT-dependent breakdown of glutathione 53 aids maintenance of cellular glutathione levels and increased cellular resistance to 54 hydrogen peroxide-induced injury [19] . Not surprisingly, eukaryotic cells, once depleted 55 of glutathione, have an increased susceptibility to oxidant-mediated killing [20, 21] . 56 Therefore GGT appears to have an important role in combating oxidative stress. 57
58
A number of GGT-encoding genes from both mammalian and bacterial species have been 59 sequenced and share extensive amino acid homology. However, there are two major taxa-60 P o s t -P r i n t associated differences. Firstly, the N-termini of the bacterial GGTs are signal peptides, 61 and consequently the enzyme is thought to be either periplasmic or associated with the 62 inner membrane [22] . In contrast, the N-termini of mammalian GGTs are anchor 63 domains, which interact with plasma membranes [17, 23] Cleavage of the substrate (L-γ-glutamyl-3-carboxy-4-nitroanilide) due to GGT activity 153 induced the appearance of a yellow color due to the formation of 5-amino-2-154 nitrobenzoate, which was quantified by absorbance at 405nm. The final activity value 155 was determined as U/ml/mg of whole bacterial cell protein. polypeptide with 72% amino acid identity to the H. pylori γ-glutamyl transpeptidase 219 P o s t -P r i n t (GGT) polypeptide (GenBank accession no. AE000511). There was also a significant 220 degree of similarity with GGT from E. coli (GenBank accession no.
P18956) and 221
Salmonella enterica serovar Typhimurium (GenBank accession no. NP_462452) and 222 therefore a degenerate primer, If66 (Table 1 ) was designed to a conserved amino acid 223 region, as near as possible to the N-terminus of these aligned proteins. The degenerate 224 primer was used with a primer (If50) designed to the known C. jejuni ggt DNA sequence 225
[11], which aligned to the amino acids at the C-terminus of the GGT sequence. 226
Degenerate PCR was performed using genomic DNA from strain 81116 with the 227 aforementioned primers and sequencing of the resulting 1.5 kbp PCR product identified a 228 DNA sequence, which encoded a putative polypeptide with significant amino acid 229 similarity (76%) to GGT from H. pylori. 230
231
Chromosomal walks on genomic DNA from strain 81116, using primer If49 identified 232 the remaining ggt sequence and additional flanking DNA, which had no similarity to any 233 sequence in strain NCTC11168, but had 54% amino acid identity and 67% similarity 234 (Blast P value 2e Table 2 . GGT activity was observed at both growth phases but higher 262 (approx. 1.7 to 1.9-fold) in the exponential phase, regardless of temperature. GGT 263 activity was also observed at all the temperatures tested but appeared to be maximal at 264 42 o C, though this was not statistically significant. 265
Prevalence of ggt and GGT activity among C. jejuni isolates 267
One hundred and thirty four C. jejuni strains, from various sources, were tested for the 268 prevalence of the ggt gene by colony-PCR using the primers If50 and If100 (Table 1b) . 269
These primers were designed to detect the regions of highest conservation observed 270 within the sequenced ggt genes. Overall 19.4% of the strains generated the 1.5 kbp ggt 271 PCR product (Table 3 ). This prevalence was considerably lower than the 54.5% indicated 272 by a similar previously published study [11] To determine the function of GGT in C. jejuni, a mutant was constructed in strain 81116. 285
The ggt gene was disrupted by insertion of a kanamycin resistance cassette at 532 bp 286 downstream from the ggt start codon, using the suicide vector pIHA-ggt. PCR and 287
Southern blot analysis (data not shown) confirmed a double crossover and successful 288 P o s t -P r i n t insertion of the kanamycin resistance cassette. Southern blot analysis also showed that 289 C. jejuni strain 81116 carried only one copy of the ggt gene. In strain 81116, ggt gene is 290 monocistronic and cannot be transcriptionally-linked with its downstream gene, which is 291 transcribed in the opposite direction. It is therefore extremely unlikely that gene 292 replacement would have any effect on the expression of flanking genes (Fig. 1) . 293
However, in order to prevent any effect on the flanking genes, the PCR primers were 294 designed within the ggt gene so that flanking genes and intergenic regions including 295 potential promoters would remain undisrupted in the mutant. Nevertheless, as 296 complementation is difficult with Campylobacter, another independently isolated ggt 297 mutant was used as a control for secondary mutations. Neither of the kanamycin-resistant 298 mutants had detectable GGT-specific activity. Comparison of the growth curves in 299 biphasic broth or morphologies as observed by electron microscopy indicated no 300 differences between the wild-type and mutant strains (data not shown). 301 302
Invasion assay using INT407 cells 303
The potential role of the GGT of C. jejuni 81116 in virulence was investigated by 304 comparing the mutant and wild-type strains in an in vitro assay of invasion (Fig. 2) . At all 305
MOIs tested, higher numbers of the ggt mutant had internalized INT407 cells. At the 306 optimal MOI of 200 the apparent invasion efficiency was 5.4-fold higher for the ggt 307 mutant (0.0092%) compared to the wild-type (0.0017% GGT activity has been shown to be associated with hydrogen peroxide resistance [19] . 327
The sensitivity of the ggt mutant to hydrogen peroxide, at a final concentration of 0.5 328 mM, was considerably less than the wild-type strain (Fig. 3) . After 20 mins, levels of 329 viable mutant cells were consistently around 3 log 10 higher than those of the wild-type 330 strain, indicating that the inactivation of GGT increases the bacterium's resistance to 331 hydrogen peroxide stress. Such differences could also influence the invasion efficiencies. dose-dependently higher following incubation with the wild-type strain. (Fig. 4(a) ). 339
However, the relative CCD 841 CoN cell number decreased following incubation with 340 either C. jejuni strain but to a much higher degree with the wild-type strain (Fig. 4(b) ). 341
Furthermore, phase contrast microscopy analysis showed that incubation with both the 342 ggt mutant and wild-type strain altered the normal cell morphology and significantly 343 reduced the density of adherent cells (Fig. 4(c-h) ) compared with the control monolayer. 344
Only the control cells become 95-100% confluent following the incubation period. 345 Interestingly, nuclear DAPI staining revealed an increased population of cells with highly 346 condensed and fragmented nuclei following infection with the wild-type strain. In 347 contrast, a greater proportion of enlarged cell nuclei were observed following incubation 348 with the ggt mutant. Overall, these results indicate that GGT plays a significant role in C. 349 jejuni-mediated apoptosis. 350 351
Chick colonization model 352
The colonization potential of the ggt mutant was determined using a well established one-353 day-old chick model of colonization. Five days post-oral-challenge, with a dose of 354 approximately 10 4 cfu, both the wild-type strain and ggt mutant had similar colonization 355 potentials with 88% of chicks colonized (Fig. 5(a)) . The geometric mean level of 356 P o s t -P r i n t colonization by the ggt mutant was 4.74 log 10 cfu g -1 of caecal contents, which was lower 357 than the wild-type strain at 6.11 log 10 cfu g -1 . However, this was not statistically 358 significant (P = 0.1049). Nevertheless, after three weeks post-oral challenge, the wild-359 type strain colonized 100% of chicks to maximal levels of 8-9 log 10 cfu g -1 (Fig. 5(b))  360 while the colonization level in all birds by the ggt mutant was undetectable (P=0.0002). 361
These results indicate a lack of persistence of the GGT mutant in the avian gut. 362 In this study, the γ-glutamyl transpeptidase (ggt) gene has been identified and 372 characterized in C. jejuni strain 81116. The role of GGT in C. jejuni was investigated 373 using two defined ggt mutants generated in C. jejuni strain 81116. Both mutants had 374 identical properties. Neither ggt mutant expressed any detectable GGT activity. Two-375 dimensional protein analysis also confirmed that GGT was no longer present (data not 376 shown). Interestingly, in the wild-type strain, two adjacent GGT protein spots of the 377 same molecular mass, but different isoelectric points, were observed by the 2-378 dimensional electrophoresis method (data not shown), suggesting that GGT may be post-379 P o s t -P r i n t P o s t -P r i n t Limit of detection P o s t -P r i n t 
